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ABSTRACT
Clouds continue to be a large source of uncertainty within global climate models.
While satellites provide the only global datasets for comparison with these models,
satellite retrievals provide inferences of cloud properties, rather than direct mea-
surements. Therefore, comparisons between climate model simulations and satellite
retrievals require careful construction of globally-gridded and time-averaged (Level
3) satellite datasets. For some types of comparisons, existing Level 3 datasets may
not be sufficient, necessitating the generation of gridded datasets directly from Level
2 products.
The current study uses a filtering and gridding algorithm to create a customized
globally-gridded (i.e., Level 3) dataset based on Aqua MODIS Level 2 cloud top pres-
sure and cloud optical property retrievals. With the recent release of MODIS Collec-
tion 6, we utilize this algorithm to examine the differences between cloud parameters
in the MODIS Collection 5 and Collection 6 datasets, and then compare these satel-
lite measurements to the GISS-E2-H model-simulated cloud parameters that were
provided for the Coupled Model Intercomparison Project - Phase 5 (CMIP5). This
comparison study focuses on the vertical distribution of cloud liquid water and ice,
especially in the mid-troposphere where mixed-phase clouds are most likely to occur.
Results show that the cloud retrieval algorithm improvements with MODIS Col-
lection 6 lead to an overall decrease in uncertainty in cloud water path retrievals, as
well as a change in the vertical distribution of clouds (high clouds higher, low clouds
lower) and the resulting vertical distribution of cloud water path (increased mid-level
cloud water path). When MODIS Collection 6 data are compared with GISS-E2-H
climate model simulations, it is clear that the model greatly overestimates ice wa-
ii
ter path within a double ITCZ (intertropical convergence zone) in the high cloud
height regime, but underestimates ice water path in higher latitudes. The model
also overestimates low level liquid water path over land, especially over mountainous
regions.
The filtering and gridding algorithm used in this study is a convenient tool for
building custom gridded datasets to address research questions that the official Level
3 datasets were not designed for.
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1. INTRODUCTION
Clouds are the main modulators of the global radiation budget, yet models still
have trouble simulating them, causing large uncertainties in global climate model
projections. The vast range of cloud sizes in both the horizontal and vertical extents
makes modeling them difficult, especially if the cloud size is smaller than the model
grid size. Additionally, cloud composition (ice, liquid water, or mixed-phase), cloud
fraction, cloud height, and cloud optical depth are all factors that affect the cloud-
radiative feedback.
Comparisons of model-simulated cloud variables with equivalent satellite cloud
products are the best way to start diagnosing the differences between model out-
put and observations. Satellites provide the only global observational datasets of
cloud properties; however, satellite retrievals provide inferences of cloud properties
rather than direct measurements. Therefore, comparisons between climate model
simulations and satellite retrievals require careful construction of globally-gridded
and time-averaged, i.e., Level 3, satellite datasets.
Official Level 3 datasets are filtered and gridded per the instrument team’s dis-
cretion, meaning lack of choice for the end user. If a product user needs a dataset
averaged over a different space or time resolution they could resample the Level 3
dataset, but that may bring unknown or untraceable errors. Likewise, a user might
need a dataset to be filtered differently for quality control purposes, or to be able to
focus on a particular science question that the Level 3 product was not designed to
address. Therefore, for some types of comparisons, existing Level 3 datasets may not
be sufficient, necessitating the generation of datasets gridded directly from the geo-
physical properties retrieved at the instrument resolution, i.e., from Level 2 satellite
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products.
1.1 Clouds and Climate
The Intergovernmental Panel on Climate Change Fifth Assessment Report (IPCC
AR5; Stocker et al. 2013) was recently released along with the Coupled Model In-
tercomparison Project - Phase 5 (CMIP5) global climate model output that are the
basis of the IPCC report. Model-satellite comparison studies have been performed
and show that while the CMIP5 models overall are better at simulating cloud pro-
cesses than their predecessors in the CMIP3 (Jiang et al., 2012), there is still great
uncertainty in the climate feedback values due to clouds, mainly from the cloud ra-
diative effect (CRE) (Stocker et al., 2013). Boucher et al. (2013) summarize that
current global measurements of the CRE indicate an annual shortwave CRE of about
-50 W m−2 and a longwave CRE of +30 W m−2. The net CRE of -20 W m−2 implies
a radiative energy loss, and thus a cooling of the current climate, due to the presence
of clouds. The net CRE calculated by models depends on how those models pa-
rameterize the properties that govern the shortwave and longwave CREs. Individual
CMIP5 models produce a wide range of shortwave and longwave CRE values, which
cause a large spread in the net CRE values (roughly from -15 to -35 W m−2) (Flato
et al., 2013; Bony et al., 2011; Dolinar et al., 2014). Understanding the model biases
in CRE requires a better analysis of the model biases in moist processes and cloud
properties, including cloud fraction, vertical distribution of clouds, and cloud liquid
water and ice content (Flato et al., 2013; Bony et al., 2011; Su et al., 2013).
Model-satellite comparison studies of these cloud properties compare the “his-
torical” CMIP5 model runs, which are representations of the recent climate (Tay-
lor et al., 2012), to satellite cloud observations, such as those from the Moderate-
resolution Imaging Spectroradiometer (MODIS), the Cloud-Aerosol Lidar and In-
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frared Pathfinder Satellite Observation (CALIPSO), and/or the CloudSat Level 3
cloud products. One of the main findings is that the mean ice water content and
path tend to be overestimated by the models, especially with the Goddard Institute
for Space Studies (GISS) models (Jiang et al., 2012; Li et al., 2012). This is likely
associated with the fact that the amount of high clouds are overestimated by mod-
els, whereas the low and mid clouds are underestimated (Cesana and Chepfer, 2012).
The models show similar spatial patterns of ice clouds (typically high clouds) to what
is seen in satellite observations (Li et al., 2012), but the models do not simulate the
spatial patterns of low and mid clouds very well (Jiang et al., 2012). Individual mod-
els produce very different vertical distributions of cloud water content, especially so
with the ice water content (Li et al., 2012); however, the multi-model means tend to
simulate vertical structures similar to satellite observations (Jiang et al., 2012).
Regarding moist processes, the individual models simulate the vertical distribu-
tion of water vapor better than they simulate cloud properties (Jiang et al., 2012).
In comparison to Atmospheric Infrared Sounder (AIRS) satellite humidity profiles,
Tian et al. (2013) show that the CMIP5 models are too dry in the tropical lower
troposphere but too moist in the tropical upper troposphere and extratropical tropo-
sphere, especially over the southern hemisphere. The CMIP5 models also have the
double-ITCZ (intertropical convergence zone) problem that persists in the coupled
global climate models, likely due to the models being too dry over the equatorial
convective regions while also too moist just off the equator.
The GISS models stand out with great overestimations of cloud ice water content
compared to satellite observations, especially along the ITCZ. Most of the difference
occurs above the mid-troposphere where there are mainly ice clouds (Li et al., 2012;
Jiang et al., 2012). These models’ positive bias in cloud ice water content in the
tropics is due to compensation for a negative bias in clouds and cloud ice water
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path in the extratropics while also keeping the globally averaged radiation budget
consistent with observations (Li et al., 2012).
Other CMIP5 models also have adjusted, or “tuned,” cloud properties to ensure
the correct net global radiation budget is simulated. For example, a model could
be tuned by increasing the amount of ice clouds to increase the longwave CRE, or
by making low clouds more optically thick to compensate for the underestimation
of low cloud amounts and thus increasing the shortwave CRE (Cesana and Chepfer,
2012; Nam et al., 2012). The CMIP5 models do a reasonable job of simulating
the large-scale dynamic and thermodynamic variables that interact with the cloud
parameterization schemes, since those large-scale variables are constrained by the
global energy balance, but the subgrid cloud parameterizations produce results that
differ significantly from observations and vary greatly from model to model (Su et al.,
2013).
Although the CMIP5 generation models have improved their cloud simulation pa-
rameterizations, there is continued need to validate the model simulations of cloud
variables with observations and determine where the models fall short of simulating
reality. The studies referenced here have already contributed greatly to this inves-
tigation. The current study proposes to perform similar research, but to approach
the problem differently with a focus on the satellite datasets that are being used for
comparison with models.
1.2 Objectives
To determine model biases in CRE, a more in-depth analysis needs to be done
on cloud fraction, vertical distribution of clouds, and cloud liquid water and ice
content. This study’s first objective, therefore, is to use Aqua MODIS observations
to quantify the vertical distributions of liquid water and ice clouds. Aqua MODIS is
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a well-calibrated satellite instrument that provides just over a decade of global cloud
measurements. This first task also includes an investigation of cloud fraction, as this
quantity will be necessary for performing satellite-model comparisons.
This study’s second objective is to use the results from the first objective to then
compare Aqua MODIS observations of clouds in different height regimes to cloud
parameters simulated by global climate models to determine where, vertically, the
models can use improvements and/or apply constraints based on observations.
The aforementioned satellite-model comparison studies took advantage of official
Level 3 satellite products. These products are easily obtainable and accessible by
users of all experience levels because they are globally-gridded and time-averaged,
and come in fewer and more compact files as compared to the Level 2 products. On
the other hand, the Level 3 products are filtered and gridded per the instrument
science team’s discretion, meaning lack of choice for the end user. This one-size-fits-
all approach is not ideal for this study’s objectives.
This study therefore uses a uniform space-time gridding algorithm (hereafter,
STG) produced by Smith et al. (2013) to create a customized globally-gridded dataset
based on Aqua MODIS Level 2 cloud parameter data for use in comparison with
the model-simulated cloud parameters that were provided for the CMIP5. Using the
STG to create a custom global dataset, rather than using the official Level 3 datasets
that other studies have used, means greater control over data filtering techniques,
quality assurance, and statistics generated in the final product. One of these filtering
techniques is to assign height values to cloud products, which is not provided in the
official MODIS Level 3 dataset. Classifying cloud products to certain height regimes
is of great importance to this study’s objectives, and the methodology presented in
Chapter 2 describes how this is achieved. This is followed by results in Chapter 3,
and conclusions in Chapter 4.
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2. DATA AND METHODS
2.1 Uniform Space-Time Gridding
The uniform space-time gridding (STG) algorithm allows a user to create daily
gridded datasets from any polar-orbiting or geostationary satellite Level 2 products.
The daily grids can then be averaged up to a longer time-averaged dataset. The
space gridding portion of the algorithm is implemented first and is where a user can
set filters such as grid size, satellite viewing zenith angle, sun zenith angle, quality
flag, and specifications on what measurements are to be included. Once these filters
are set, the satellite observations are gridded to the user-specified grid by assigning
each observation to its nearest neighbor grid cell. By assigning all observations to a
grid cell, the number of observations per grid cell can be kept track of for statistical
purposes. Once the space gridding is complete, all data that were not included by the
filters are discarded. This is a data reduction technique that speeds up the analysis
of the newly gridded data during the time gridding phase.
The time gridding part of the algorithm includes statistical analysis of the newly
gridded datasets. First, daily statistics determine number of measurements, mean,
and variance, among other possibilities. The number of observations in each grid cell
that do not have a value of zero is defined as a measurement, and these measurements
are averaged to produce one mean value per grid cell for that day. These daily gridded
products can then be aggregated into a longer time-averaged product (e.g., a monthly
dataset).
2.1.1 STG filtering for MODIS satellite data
In this study, the original STG developed by Smith et al. (2013) has been opti-
mized to significantly decrease computer processing time during the space gridding,
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and to allow for additional filtering options to be implemented. The STG is being
used in this study to filter and grid cloud water path (CWP) data from Aqua MODIS
Level 2 Collection 5 (C5) and Collection 6 (C6) datasets (MYD06 L2; GSFC 2014)
for the month of May over the years 2003 - 2012. These years provide the longest
overlapping time between Aqua MODIS observations (available July 2002 - present)
and the CMIP5 models’ historical runs (available 1850 - 2012). Only one month was
chosen for this study due to the computational time required to run the filtering
process. The MODIS filtering and gridding setup is listed in Table 2.1.
Table 2.1: STG filtering setup for MODIS Level 2 C5 and C6 CWP data.
Filtering Parameter Filter Value
Space Grid Filtering
Grid size 2 ◦ × 2 ◦
Viewing zenith angle ≤ 32 ◦
Sun zenith angle ≤ 90 ◦
CWP Quality Control Filtering Cases
Confidence (C5 only) 3 (best)
Uncertainty ≤ 80%
Height Regime Filtering Cases
All No CTP filtering
High 440 ≥ CTP > 50 hPa
Mid 680 ≥ CTP > 440 hPa
Low 1000 ≥ CTP > 680 hPa
Time Grid Filtering
Min. no. pixels threshold > 1.5 STD(mean obs)
For the space gridding, a grid size of 2 ◦ × 2 ◦ was chosen to produce a resolution
similar to those used in global climate models. The satellite viewing zenith angle
filter was set to keep pixels within ≤ 32 ◦, which is typical for satellite studies so as
to avoid artifacts from pixel growth and longer atmospheric paths at larger viewing
angles. A sun zenith angle filter of ≤ 90 ◦ was set to keep only daytime pixels since
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the CWP variable is an optical cloud retrieval property that relies on observations
of reflected solar radiation.
These CWP grids were then further filtered by quality case. The first quality filter
is set to keep all the “best” confidence retrieved pixels based on the quality assurance
bit assignments (bit 3 = best), and the second is to keep only the pixels with less than
80% uncertainty. The quality assurance confidence filter is only applicable for the
MODIS C5 dataset, as the MODIS C6 dataset uses an improved uncertainty quality
flag that is to be used in place of the confidence assignments, and sets all successful
retrievals to the “best” confidence flag (Platnick et al., 2013; MODIS Atmosphere,
2014).
The CWP data were then broken down by cloud height regime. Because MODIS
cloud retrievals are made on the assumption that the satellite is seeing a homoge-
neous, plane-parallel, single-layered cloud scene, we can then assign each CWP pixel
value, which is a column integrated variable, to a specific height using the retrieved
cloud top pressure (CTP). The cloud height regimes defined in the STG are all (no
CTP filtering), high (440 ≥ CTP > 50 hPa), mid (680 ≥ CTP > 440 hPa), and low
(1000 ≥ CTP > 680 hPa). In MODIS C5, the CTP data have a 5-km horizontal res-
olution while the CWP data have a 1-km horizontal resolution. In MODIS C6, there
is both a legacy 5-km CTP variable and a new 1-km CTP variable (Menzel et al.,
2013; Baum et al., 2012). The algorithm that determines CTP values is independent
of the optical property retrieval algorithm that determines CWP values; however,
the CTP pixels are indexed and filtered out per the CWP quality filter criteria. This
study analyzes each CTP horizontal resolution case to determine how the resolution
differences affect the vertical distributions of cloud liquid water and ice.
Lastly, for the time gridding part of the algorithm a minimum number of daily
observations threshold was set as 1.5 standard deviations from the monthly mean
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number of pixels per grid cell so that only the cells with a significant amount of daily
retrieved pixels will be used to calculate a daily average. For instance, if one 2 ◦ ×
2 ◦ grid cell contains 1970 CWP daily observed pixels on average over the month
of May, then this algorithm would require that at least 69 CWP pixels (which is
3.5%, or the lower half of 1.5 standard deviations from the mean) be present in that
cell for the pixels to be used in the daily statistics. Note that the official MODIS
Level 3 product requires just one pixel within each 1 ◦ × 1 ◦ grid box to compute
a grid cell daily average, meaning that those daily grid cell averages, and thus the
monthly grid cell averages, are at risk of being geographically misrepresented by a
single outlier observation. With the minimum number threshold set as the last filter
in this process, the resulting data are used to create a daily average global grid.
These daily averages are then aggregated to create monthly average grids, and the
monthly grids are aggregated to make a time-series average.
2.1.1.1 Cloud fraction weighting
Before these newly gridded MODIS datasets can be compared to the model sim-
ulations, it must be noted that the MODIS observations are measuring only cloudy
scenes, whereas the model simulations are representing both clear and cloudy scenes.
To compare the two datasets, the MODIS CWP grids must be weighted by cloud
fraction.
Cloud fraction in this study is calculated using both the MODIS cloud mask and
the cloud property retrievals. First, a cloud mask cloud fraction (CF) is determined
by,
CF =
#CM
#all
, (2.1)
where #CM is the number of pixels that have cloud mask bits that are equal to 0
(confident cloudy) or 1 (probably cloudy). CM is divided by all retrieved pixels to
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get the cloud mask cloud fraction.
Then, a liquid fraction (LF) and an ice fraction (IF) are calculated using the
number of CWP retrievals from the STG process:
LF =
#LWP
#LWP + #IWP
=
#LWP
#CWP
, (2.2)
IF =
#IWP
#LWP + #IWP
=
#IWP
#CWP
, (2.3)
where #LWP, #IWP, and #CWP are the number of liquid water path retrievals,
ice water path retrievals, and cloud water path retrievals, respectively.
Next, a cloud fraction based on the CWP retrievals for each height regime is
calculated:
CFlow =
#CWPlow
#CWPall
, (2.4)
CFmid =
#CWPmid
#CWPall
, (2.5)
CFhigh =
#CWPhigh
#CWPall
. (2.6)
The final cloud fraction is calculated by multiplying the CF, LF or IF, and each
individual height regime fraction together. For example, the low-level ice fraction
would be determined by,
Low ice fraction = CF ∗ IF ∗ CFlow. (2.7)
Following a structure similar to Equation 2.7 for each height regime and phase pro-
duces the cloud fraction value that is multiplied by the average CWP to get the
cloud-fraction-weighted CWP that this study then uses to compare against model
output of CWP.
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2.1.2 Global climate model data
This study compares the STG custom gridded Aqua MODIS satellite observations
to the archived CMIP5 simulations from the GISS-E2-H model, which was produced
by the NASA Goddard Institute for Space Studies. The CMIP5 experiment “Histori-
cal” and “historicalExt” (extended historical) monthly-averaged model runs (ESGF,
2014) were selected for use, as these are simulations of the recent climate (Taylor
et al., 2012). The historical run is simulated for the years 1850 - 2005, and the
extended historical run is for 2006 - 2012. This study averages the model-simulated
output for the month of May over the years 2003 - 2012 to match the timeline of the
gridded MODIS time-series average.
The model variables of interest are the CWP and the cloud water mass fraction,
which is integrated to get the CWP values for the defined height regimes. The model’s
2.5 ◦ longitude × 2 ◦ latitude horizontal grid is interpolated across the longitudes to
match the MODIS grid resolution of 2 ◦ × 2 ◦. The model’s vertical resolution for the
cloud water mass fraction is in hybrid sigma coordinates, which must be converted,
column by column, into pressure coordinates to be able to integrate the cloud water
mass fraction to determine the model’s CWP value between the pressure levels of
the defined cloud height regimes.
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3. RESULTS
3.1 MODIS Collections 5 and 6 Cloud Water Path
The following sections describe the results of using the space-time gridding (STG)
algorithm to create custom Level 3 Aqua Moderate-resolution Imaging Spectrora-
diometer (MODIS) cloud water path (CWP) datasets from the MODIS Collection
5 (C5) and Collection 6 (C6) Level 2 datasets. At the time of this paper, MODIS
C5 was the latest complete dataset produced, and processing of MODIS C6 is nearly
complete. MODIS C6 has some improved algorithms for cloud detection and retrieval
products, and some parameters, such as cloud top pressure (CTP), are available in
a higher resolution. Thus, this study analyzes the differences in cloud products be-
tween the two collections, and takes into consideration the different CTP resolutions
that are provided in the C6 dataset. The MODIS data time period used in this study
is over the month of May for the years 2003 - 2012.
3.1.1 Collection 5
Figure 3.1 shows the C5 time-series average for the month of May for the years
2003 - 2012 of the CWP separated into liquid water path (LWP) and ice water path
(IWP) for both the confidence and uncertainty-quality cases (see section 2.1.1 for
filtering setup). Even with a fairly stringent uncertainty filter value, there are lower
CWP values, especially for the IWP in the southern hemisphere storm track, for the
uncertainty case compared to the confidence case. This is not surprising given that
the southern hemisphere storm track region is difficult for cloud phase retrievals as
there are many mid-level and potentially mixed-phase clouds present.
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Figure 3.1: Filtered and gridded Aqua MODIS C5 CWP for all clouds (i.e., no
height filters) separated into liquid water path (LWP; top) and ice water path (IWP;
bottom) for two Level 2 product assessments of quality: (left) best confidence and
(right) 80% uncertainty-quality flag cases for the month of May during the years
2003 to 2012.
3.1.2 Collection 6
The two differences between C5 and C6 that most greatly affect this study are
the changes in quality assessment and CTP resolution. MODIS C6 has an improved
pixel-level retrieval uncertainty algorithm that is to be used in place of the quality
assurance bits (i.e., the “confidence” cases). While the quality assurance designation
exists in the C6 data files for legacy purposes, it is not meaningful because all cloudy
pixels in C6 are assigned to the “best” quality assurance bit. Thus, any C6 confidence
case values or figures shown here represent all retrieved cloudy pixels (i.e., no quality
filtering). Because of this, the C6 and C5 comparisons discussed in later sections will
focus on the uncertainty-quality case.
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Figure 3.2 shows the C6 time-series average CWP for all clouds for both the
no-quality-filtering case and the uncertainty-quality case. There is little difference in
the LWP when the uncertainty quality filter is applied. The effect of the uncertainty
quality filter is better seen in the reduction of IWP in the southern hemisphere storm
track region, and in the increase in IWP in the northern high latitudes. Similar to the
C5 results, the uncertainty case reduction in the southern hemisphere storm track
region is likely due to the high uncertainty associated with very thick cloud decks,
especially if they’re comprised of mid-level and mixed-phase clouds. Additionally,
MODIS tends to have high uncertainty with thin ice clouds. Thus, the increase in
the northern polar region CWP might be due to the filtering out of thin ice clouds,
leaving thicker cloud retrievals to make up the grid cell average.
Figure 3.3 displays side by side the official MODIS C6 Level 3 product with the
C6 uncertainty case product for the same time period. Although the customized
product is on a coarser grid, there are the same spatial patterns, a similar range
of values for the LWP, but lower values in the customized IWP product, mainly in
the storm track regions where high uncertainty is likely due to the presence of thick
and mid-level, mixed-phase clouds. The differences between the two quality cases,
and the differences with the official MODIS Level 3 product, show the impact of
the filtering, gridding, and aggregating strategies chosen, and how they must be well
thought out to address the science question at hand, and must be well-documented
so that others may reproduce and critique the process.
The MODIS C6 dataset has a new 1-km resolution CTP variable, along with a
legacy 5-km resolution CTP variable (Menzel et al., 2013; Baum et al., 2012). The
new 1-km resolution CTP retrieval algorithm incorporates surface emissivity and
an improved IR-phase algorithm. These changes improve detection of low clouds,
especially in typical marine stratocumulus areas where a temperature inversion made
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Figure 3.2: Filtered and gridded Aqua MODIS C6 CWP for all clouds (i.e., no
height filters) separated into liquid water path (LWP; top) and ice water path (IWP;
bottom) for two Level 2 product assessments of quality: (left) no-quality-filter and
(right) 80% uncertainty-quality flag case for the month of May during the years 2003
to 2012.
retrievals problematic before, as well as reduced uncertainty of retrievals over desert
and icy landscapes, where the high land albedo makes retrievals more uncertain.
These changes were not fully implemented in the C6 5-km resolution CTP algorithm;
thus, the C6 5-km resolution CTP remains in the dataset mainly for legacy purposes
only and is not very different from the C5 dataset. Recall that the CTP in MODIS
C5 is available only at 5-km resolution. Since the STG filtering uses CTP to assign
height values to the CWP pixels, this study analyzes how the C6 1-km resolution
and 5-km resolution CTP differ from one another, and how that affects the vertical
distribution of CWP averages.
15
Uncertainty < 80%MODIS C6 Level 3
Ice Water Path
Liquid Water Path
Figure 3.3: (Left) Official MODIS C6 Level 3 product, and (right) filtered and grid-
ded Aqua MODIS C6 CWP for all clouds (i.e., no height filters) separated into liquid
water path (LWP; top) and ice water path (IWP; bottom) for the uncertainty-quality
case for the month of May during the years 2003 to 2012.
3.1.2.1 C6 cloud top pressure resolution differences
Using the STG algorithm, the MODIS C6 daily CTP pixels for each resolution
case are collected into each 2 ◦ × 2 ◦ grid cell, filtered per an index of the CWP
quality and height case filters, and averaged. Figure 3.4 shows the average CTP and
difference for the all-clouds height case and uncertainty-quality case. There is little
CTP difference over the ocean regions for liquid clouds, with the 1-km resolution CTP
showing up to about 100 hPa larger CTP values (i.e., clouds lower in the atmosphere)
in the extratropical regions. Over land, the CTP differences are seen mainly over
desert regions where the surface emissivity incorporation in the new 1-km resolution
CTP product is likely having an effect. The majority of CTP values for ice clouds
are much larger in the 5-km resolution case for most of the globe. Generally, it is
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seen for the new 1-km resolution CTP that the high clouds (mostly ice clouds) are
higher and the low clouds (mostly liquid water clouds) are lower compared to the
5-km resolution CTP. These CTP average difference patterns for both liquid water
and ice clouds are similar for both the no-quality-filter case (not shown) and the
uncertainty-quality case, meaning that applying the uncertainty quality filter does
not greatly affect the overall CTP values.
Figure 3.4: MODIS C6 cloud top pressure (CTP) and difference (1-km resolution - 5-
km resolution) for all clouds (i.e., no cloud height regime filtering) in the uncertainty-
quality case, separated into liquid water path (LWP; top) and ice water path (IWP;
bottom) for the month of May during the years 2003 to 2012.
Breaking the CTP down by height regimes shows where these different CTP
resolutions may affect the vertical distribution of CWP after being processed by the
the STG algorithm. Figure 3.5 shows the global CTP differences (1-km resolution -
5-km resolution) for the uncertainty-quality case. The blue colors in the high cloud
regime difference indicate where the 1-km CTP values are smaller (i.e., higher in the
atmosphere) than the 5-km CTP; these are most obvious in the extratropical regions.
17
For the mid-level height regime, CTP values are similar between the 1-km and 5-km
resolutions for the liquid clouds, with 1-km CTP again having slightly smaller values
(higher clouds) in the extratropical regions. This extratropical difference is more
pronounced for the ice cloud pressure values, with the addition of the 1-km CTP
having slightly larger (i.e., lower in atmosphere) values within the ITCZ region. In
the low cloud regime, the difference between 1-km and 5-km CTP is small for the
liquid clouds. For low ice clouds, the 1-km CTP values are overall larger mainly in
the extratropical regions.
Figure 3.5: MODIS C6 cloud top pressure (CTP) difference (1-km resolution - 5-km
resolution) for low, mid, and high height regimes in the uncertainty-quality case,
separated into liquid water path (LWP; top) and ice water path (IWP; bottom) for
the month of May during the years 2003 to 2012.
Table 3.1 lists the global average CTP values and differences for each height
regime for both C6 and C5. The last column shows that the 5-km CTP in both C5
and C6 are not very different for the high and mid-level clouds, but that C6 produces
slightly lower low-level clouds. The differences between the 1-km resolution CTP in
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Table 3.1: Global average C6 and C5 CTP values and differences (hPa) for (a) liquid
clouds and (b) ice clouds under the uncertainty-quality case. Square brackets indicate
C6 horizontal CTP resolution in km. Percent differences are relative to dataset being
subtracted. All values rounded to nearest whole number.
a. Liq. clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 735 732 711 3 (0%) 25 (4%) 21 (3%)
High 305 368 371 -63 (-17%) -67 (-18%) -3 (-1%)
Mid 531 559 561 -28 (5%) -25 (-4%) -3 (-1%)
Low 819 810 767 9 (1%) 46 (6%) 38 (5%)
b. Ice clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 303 562 524 -259 (-46%) -221 (-42%) 38 (7%)
High 246 323 326 -77 (-24%) -79 (-24%) -3 (-1%)
Mid 477 521 515 -44 (-8%) -33 (-6%) 6 (1%)
Low 763 741 707 22 (3%) 51 (7%) 28 (4%)
C6 and the 5-km resolution CTP for C6 and C5 indicate that the new 1-km CTP
retrieval algorithm is measuring higher high clouds, higher mid-level clouds, and lower
low clouds for both the liquid water and ice cloud phases. This is likely not only due
to the increased horizontal resolution, but also due to the algorithm improvements
in detecting thin ice clouds and low stratocumulus clouds beneath a temperature
inversion.
For all of these height cases, the C6 CTP differences are similar between the
no-quality-filtering case (not shown) and the uncertainty-quality case, meaning that
applying the uncertainty quality filter does not greatly affect the CTP values in the
different height regimes.
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3.1.2.2 C6 cloud water path differences by cloud top pressure resolution
When using either the 1-km or 5-km C6 CTP to assign height values to CWP,
there is no difference in CWP for the all-clouds case (Fig. 3.2). The differences in
CWP between the resolutions show up when CWP is separated into the different
height regimes (Fig. 3.6, Table 3.2). With high clouds, the 5-km CTP assignments
produce much larger values of both LWP and IWP, especially in the storm track
regions, with global average differences (1-km - 5-km) of -124 g m−2 and -107 g
m−2, respectfully, amounting to roughly a 40% decrease in each phase for the CWP
assigned by 1-km CTP relative to the CWP assigned by 5-km CTP values. In
contrast, the mid clouds show larger LWP values (+53 g m−2, or 28%, globally) in
the southern hemisphere storm track region and larger IWP values (+145 g m−2, or
113%, globally) in both storm track regions when the CWP heights are assigned by
the 1-km CTP values. The main low cloud difference is seen by the somewhat larger
IWP values in the southern hemisphere storm track region when using the 5-km
CTP values, and this is more pronounced in the no-quality-filter case (not shown)
than the uncertainty-quality case. This produces a global average difference (1-km
- 5-km) for the low ice clouds of -20 g m−2 (-29%), and the low liquid clouds of -7 g
m−2 (-7%).
It is seen from both this and the previous subsection that the algorithm changes
that were made to produce the higher resolution 1-km CTP are changing the dis-
tribution of cloud heights, and thus, as these 1-km CTP heights are assigned to the
CWP pixels, smaller amounts of high level CWP and greater amounts of mid-level
CWP are produced relative to the 5-km CTP height assignments.
20
Figure 3.6: MODIS C6 cloud water path (CWP) difference between using 1-km
resolution and 5-km resolution cloud top pressure (CTP) height assignments for low,
mid, and high cloud height regimes in the uncertainty-quality case, separated into
liquid water path (LWP; top) and ice water path (IWP; bottom) for the month of
May during the years 2003 to 2012.
3.1.3 Differences between cloud water path in C5 and C6 datasets
The C5 and C6 comparisons in this section focus on only the uncertainty-quality
case results since the C6 confidence bits are all set to “best” for legacy purposes only
(i.e., C6 confidence case has no quality filter). The total C6 CWP for all clouds (Fig.
3.2) is the same whether using the 1-km or 5-km CTP height assignments. However,
when the CWP pixels are assigned heights using the different CTP resolutions, the
vertical distribution of CWP within the different cloud height regimes is affected, as
was shown in the previous subsection.
Table 3.2 provides the globally averaged CWP values for the uncertainty case in
each height regime for C5 and C6, as well as the differences between each collection.
The table shows that C6 has a greater amount of LWP than C5 in all height regimes
and for each CTP resolution case. C6 produces 115% more mid-level IWP than C5
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when using the 1-km CTP height assignment, but almost no difference in the mid-
level IWP when using the 5-km height assignment. Additionally, using the 1-km
CTP to assign heights to C6 CWP reduces the amount of high and low level IWP
in comparison to both C5 and C6 using 5-km height assignments.
Table 3.2: Global average C6 and C5 CWP values and differences (g m−2) for (a)
liquid clouds and (b) ice clouds under the uncertainty-quality case. Square brackets
indicate C6 horizontal CTP resolution in km. Percent differences are relative to
dataset being subtracted. All values rounded to nearest whole number.
a. Liq. clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 135 135 111 0 (0%) 24 (22%) 24 (22%)
High 192 316 161 -124 (-39%) 31 (19%) 153 (95%)
Mid 242 189 134 53 (28%) 112 (84%) 55 (41%)
Low 99 106 97 -7 (-7%) 0 (0%) 7 (7%)
b. Ice clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 173 173 162 0 (0%) 11 (7%) 11 (7%)
High 174 281 242 -107 (-38%) -67 (-28%) 40 (17%)
Mid 273 128 127 145 (113%) 146 (115%) 1 (1%)
Low 50 70 84 -20 (-29%) -35 (-42%) -15 (-18%)
To see how these global average values are distributed by latitude, Figure 3.7
displays the zonally averaged CWP differences between MODIS C6 and C5, with
the C6 CWP heights assigned by the 5-km resolution CTP. The top plot shows that
the CWP of liquid high clouds has increased with C6, with a global average increase
of 153 g m−2, a 95% increase from C5. The mid-level liquid clouds have also increased
in C6 by roughly 55 g m−2, or 41%, globally. The LWP of low clouds, which make
up the majority of the liquid water clouds, has changed little between the collections
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with a global average increase of 7 g m−2, or 7%, which is seen to be mostly from an
increase in LWP in the higher latitudes. On average, the LWP for C6, compared to
C5, has increased globally by roughly 24 g m−2, an increase of 22%.
Figure 3.7: Zonally-averaged difference (MODIS C6 - C5) cloud water path for each
cloud height regime, with C6 using 5-km resolution CTP height assignments, sepa-
rated into liquid water path (LWP; top) and ice water path (IWP; bottom) for the
month of May during the years 2003 to 2012.
The bottom plot of Fig. 3.7 shows the IWP difference between MODIS C6 using
5-km CTP height assignments and C5. Here the high cloud IWP difference is also
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overall increased in C6 by 40 g m−2, or 17%. This increase is mostly seen between
the midlatitudes of each hemisphere, with decreases in high ice clouds in the higher
latitudes. In contrast, the mid-level ice clouds seem to decrease in C6 between the
midlatitudes of each hemisphere while increasing slightly in the higher latitudes.
Globally, the average mid cloud IWP is increased in C6 by only 1 g m−2. The low ice
clouds in C6 show a slight increase for the higher latitudes, but decreases elsewhere.
Overall, the low ice cloud IWP has decreased globally in C6 by 15 g m−2. On average
for all C6 ice clouds, there is an increase of 11 g m−2, or 7%, from C5.
Looking now in Fig. 3.8 at the same zonal differences, but with C6 CWP heights
assigned by the 1-km resolution CTP, the biggest difference between C6 and C5 is the
increase in mid-level CWP. The mid-level LWP peak increased difference of around
300 g m−2 is in the southern midlatitudes, with the rest of the latitudes showing an
increase of about 50 to 100 g m−2. This gives a globally averaged increase in the C6
mid-level LWP of 112 g m−2, or 84%. There is negligible change with the low level
LWP values between the collections. High level LWP is increased in C6, mainly from
the tropics through the southern hemisphere, with a global average difference value
of 31 g m−2, or 19%. Overall, using the 1-km CTP in C6 to assign LWP heights
produces for all clouds a global average increase of 24 g m−2, or 22%, which is the
same as using the 5-km CTP to assign C6 CWP heights for the all-clouds case.
The mid-level IWP is increased by 115% in C6 when using the 1-km resolution
CTP height assignments, as shown by the bottom plot in Figure 3.8. There is little
change in the tropical region, but great increases in the extra tropics through the
high latitudes, especially in the southern hemisphere where there is a peak increase
around 20◦S of roughly 450 g m−2. Low level IWP is decreased in C6 globally by 35
g m−2 (-42%), and high level IWP is decreased by 67 g m−2 (-28%). Even though
there is a dramatic increase in mid-level IWP, the global average difference for all
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Figure 3.8: Zonally-averaged difference (MODIS C6 - C5) cloud water path for each
cloud height regime, with C6 using 1-km resolution CTP height assignments, sepa-
rated into liquid water path (LWP; top) and ice water path (IWP; bottom) for the
month of May during the years 2003 to 2012.
clouds is weighted more by the greater number of high clouds, giving an all-cloud C6
IWP global increase of 11 g m−2, or 7%, from C5.
3.1.3.1 Cloud water path weighted by cloud fraction
Since MODIS CWP values are measurements from only cloudy scenes and the
CMIP5 models use both clear and cloudy scene simulations in their CWP calcula-
tions, the MODIS CWP has to be weighted by cloud fraction to be compared with
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models. The differences in cloud-fraction-weighted CWP between C5 and C6 may
affect the results of model-satellite comparisons, depending on which collection is
used. Likewise, the CTP resolution (1-km or 5-km) chosen to assign CWP heights
for C6 will affect model-satellite comparison results.
C5 Cloud Fraction C6 Cloud Fraction
Ice Water Path
Liquid Water Path
Figure 3.9: (Left) MODIS C5 and (right) C6 cloud fraction for all clouds (i.e., no
height filters) separated into liquid water path (LWP; top) and ice water path (IWP;
bottom) for the uncertainty-quality case for the month of May during the years 2003
to 2012.
Figure 3.9 shows the cloud fraction for all clouds for C5 and C6 (see section
2.1.1.1 for cloud fraction calculations). The LWP cloud fraction is similar between
collections, but there are notable decreases in C6 over Greenland and Australia, and
increases over the tropical cyclone track regions, such as over the western Pacific
and Indian oceans. The IWP cloud fraction is globally decreased with C6, and
is especially low over desert regions, including Australia, northern Africa through
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the Middle East, and the southwest region of North America. The C6 changes are
likely due to the improved cloud retrieval algorithm which now incorporates surface
emissivity and IR cloud phase.
Table 3.3: Global average C6 and C5 cloud-fraction-weighted CWP values and dif-
ferences (g m−2) for (a) liquid clouds and (b) ice clouds under the uncertainty-quality
case. Square brackets indicate C6 horizontal CTP resolution in km. Percent differ-
ences are relative to dataset being subtracted. All values rounded to nearest whole
number.
a. Liq. clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 56 56 47 0 (0%) 9 (19%) 9 (19%)
High 11 10 3 1 (10%) 8 (267%) 8 (267%)
Mid 33 23 19 10 (43%) 14 (74%) 4 (21%)
Low 42 43 40 -1 (-2%) 1 (3%) 3 (8%)
b. Ice clouds
Height Regime C6[1] C6[5] C5 (C6[1]-C6[5]) (C6[1]-C5) (C6[5]-C5)
All 71 71 74 0 (0%) -3 (-4%) -3 (-4%)
High 89 120 112 -31 (-26%) -22 (-20%) 7 (6%)
Mid 13 26 34 -13 (-50%) -20 (-59%) -8 (-24%)
Low 3 4 6 -1 (-25%) -4 (-67%) -2(-33%)
Table 3.3 summarizes the global average results of C5 and C6 cloud-fraction-
weighted CWP and differences. While the magnitude of the difference values are
much smaller compared to the non-weighted CWP, the relative percent differences
are overall much greater. This indicates that the way that cloud fraction is calculated
has a great impact on the final cloud-fraction-weighted CWP product that is to be
used as the observational dataset for comparing to the model simulations of CWP,
and so must be carefully considered. For instance, if the cloud fraction calculations
are too aggressive, too many clouds will be filtered out (or vice versa), causing a
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systematic bias. This study attempts to avoid this problem by using in the cloud
fraction calculations both the MODIS cloud mask retrievals, which basically note if
a pixel is cloudy or not, and the number of CWP measurements that are kept after
going through the STG filtering process.
Fig. 3.10 shows the zonally averaged differences of CWP weighted by cloud frac-
tion between MODIS C6 and C5, with the C6 CWP heights assigned by the 5-km
CTP. The magnitude of the high and mid-level liquid water cloud differences are
much smaller compared to the unweighted differences. The high liquid water clouds
are increased by 8 g m−2 in C6, and the mid-level water clouds are increased by 4 g
m−2. The C6 low water clouds show an increase of 30 to 40 g m−2 in the southern
mid to high latitudes, with little change elsewhere, making a global low level average
C6 increase of 3 g m−2. The overall global average C6 cloud-fraction-weighted LWP
difference is 9 g m−2, an increase of 19% from C5 cloud weighted LWP.
The cloud-fraction-weighted IWP differences between C6 using 5-km CTP height
assignments and C5, displayed in the bottom plot of Figure 3.10, show the ice clouds
overall decreasing with C6, with the exception of an increase in the high level ice
clouds in the southern mid to high latitudes. This produces a globally averaged
difference of 7 g m−2 for the high cloud-fraction-weighted IWP. The low IWP is
decreased by 2 g m−2, and the mid-level IWP is decreased by 8 g m−2. There is
a dip in values around 75◦N due to a decrease in IWP values for all cloud height
regimes over Greenland in C6, which contributes to the globally averaged decreased
values for the majority of the height regimes. A greater number of cloudy pixels
were not filtered out over Greenland with the C6 dataset, likely due to the algorithm
improvements and reduced uncertainty, and a smaller cloud fraction was calculated
from these C6 retrievals compared to C5, leading to the dip in IWP values over
Greenland.
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Figure 3.10: Zonally-averaged difference (MODIS C6 - C5) cloud water path,
weighted by cloud fraction, for each cloud height regime, with C6 using 5-km CTP
height assignments, separated into liquid water path (LWP; top) and ice water path
(IWP; bottom) for the month of May during the years 2003 to 2012.
Fig. 3.11 shows the zonally averaged differences of CWP weighted by cloud frac-
tion between MODIS C6 and C5, now with the C6 CWP heights assigned by the
1-km CTP. The low level LWP is slightly decreased in C6 between the midlatitudes,
with increases toward the higher latitudes. Because of this, globally averaged low
level LWP difference for C6 is negligible at 1 g m−2. The mid-level LWP is increased
for C6 throughout most latitudes, with a peak increase of about 40 g m−2 around
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Figure 3.11: Zonally-averaged difference (MODIS C6 - C5) cloud water path,
weighted by cloud fraction, for each cloud height regime, with C6 using 1-km CTP
height assignments, separated into liquid water path (LWP; top) and ice water path
(IWP; bottom) for the month of May during the years 2003 to 2012.
35◦S, which is where there is usually high uncertainty within the southern hemi-
sphere storm track region. This is the main LWP difference between the different
CTP resolutions in assigning C6 CWP heights in these cloud-fraction-weighted cases,
probably due to the 1-km algorithm improvements that have reduced uncertainty in
cloud retrievals compared to C5, but that could not be fully implemented in the 5-km
CTP retrieval algorithm. The mid-level LWP is increased globally by 14 g m−2, and
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the high cloud LWP is increased globally by 8 g m−2. Overall, the global average
increase in C6 LWP for cloud-fraction-weighted CWP is 9 g m−2, or a 19% increase
from C5 cloud-fraction-weighted LWP, which, again, is the same for the all-clouds
case of cloud-fraction-weighted LWP assigned by 5-km CTP.
The cloud-fraction-weighted IWP differences between C6 and C5, using the C6
1-km CTP to assign heights, is shown in the bottom plot of Figure 3.11. There is
an overall decrease in C6 cloud-fraction-weighted IWP for all height regimes. There
is a decrease in low level IWP of 4 g m−2, a decrease of 20 g m−2 for the mid-level
IWP, and a decrease of 22 g m−2 for the high level IWP. The all-clouds case has a
global average reduction in IWP of 3 g m−2, or 4%.
In general, when comparing C6 to C5 CWP that is weighted by cloud fraction,
there are increases in C6 LWP, and overall decreases in C6 IWP, no matter the CTP
resolution. The C6 CWP is the same for the all-clouds case whether using the 1-km
or 5-km CTP height assignments; however, the change in CTP resolution affects how
the CWP is distributed vertically. The relatively small changes in the global average
CWP values for the all-clouds case are made up from larger relative percent changes
within the different height regimes. Regardless of the larger individual height regime
differences, the all-clouds average for each cloud phase is dominated by the fraction
of clouds in each height regime. For instance, the LWP is composed mainly of low
level clouds, and the IWP is composed of mainly high clouds, so the 267% increase
in high level LWP and the 67% decrease in low level IWP are not going to have a
large effect on the globally-averaged values.
3.2 MODIS Comparisons with Models
To compare Aqua MODIS observations with the GISS-E2-H model, this study
uses MODIS C6 CWP that has been weighted by cloud fraction, as described in
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GISS-E2-H Cloud Fraction Aqua MODIS C6 Cloud Fraction
GISS - MODIS Cloud Fraction Difference
Figure 3.12: Total cloud fraction for all clouds (i.e., no height filters) for the GISS-
E2-H model historical run (top left), the filtered and gridded Aqua MODIS C6
uncertainty-quality flag case weighted by cloud fraction (top right), and their differ-
ence (bottom) for the month of May during the years 2003 to 2012.
section 2.1.1.1, with CWP pixel heights assigned by the 1-km CTP values, and
the 80% uncertainty quality filter applied. To first see how the calculated MODIS
cloud fraction compares to the model cloud fraction, the MODIS cloud fraction in
the two phases must be combined to make a total cloud fraction since the model
only provides a total cloud fraction parameter. Figure 3.12 shows the total cloud
fraction for GISS-E2-H, MODIS C6, and the difference between them. While the
model and satellite cloud fraction plots show similar spatial features, the MODIS
cloud fraction distribution is more variable. The difference plot shows that the
GISS model is simulating higher cloud fraction values than MODIS detects in the
southern equatorial region and over most continental regions, especially over deserts
and Greenland. In contrast, GISS is simulating less cloud fraction in the marine
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storm track regions when compared to MODIS. Even with these apparently large
spatial differences, the global average values for total cloud fraction are very close at
59% for MODIS and 61% for GISS.
Aqua MODIS C6
Weighted by cloud fraction
Ice Water Path
GISS-E2-H
Mays 2003 - 2012 average
Liquid Water Path
Figure 3.13: CWP for all clouds (i.e., no height filters) separated into liquid water
path (LWP; top) and ice water path (IWP; bottom) for the GISS-E2-H model his-
torical run (left) and the filtered and gridded Aqua MODIS C6 uncertainty-quality
flag case weighted by cloud fraction (right) for the month of May during the years
2003 to 2012.
Figure 3.13 shows the GISS-E2-H model-simulated CWP for the month of May
averaged over the years 2003 - 2012. The original 2 ◦ latitude by 2.5 ◦ longitude model
grid has been interpolated to be 2 ◦ by 2 ◦ to match the custom gridded MODIS C6
satellite product. This model has a double-ITCZ, which can be a problem in coupled
models. Globally, the GISS-E2-H average LWP value is 89 g m−2, and IWP is 102
g m−2. Alongside the model plot is the gridded MODIS C6 uncertainty-quality case
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product that has been weighted by cloud fraction with a global average LWP of 56
g m−2, and IWP value of 71 g m−2.
Table 3.4: Global average GISS-E2-H and Aqua MODIS C6 cloud-fraction-weighted
CWP values (g m−2) and differences (GISS - MODIS), with MODIS C6 using 1-km
resolution CTP to assign CWP heights. Percent differences are relative to MODIS.
All values rounded to nearest whole number.
LWP IWP
Height Regime GISS MODIS Difference GISS MODIS Difference
All 89 56 29 (59%) 102 71 30 (44%)
High 1 11 -10 (-91%) 74 89 -16 (-17%)
Mid 20 33 -14 (-39%) 9 13 -4 (-31%)
Low 57 42 13 (34%) 2 3 -2 (-33%)
Taking the difference (model - satellite) between the two datasets shown in Fig.
3.13 produces the global difference plots in Fig. 3.14, and the global average and
difference values are listed in Table 3.4. In the LWP global difference plot, the
mostly red colors show that the model overestimates LWP globally when compared
to satellite observations. The IWP difference plot shows that the model greatly
overestimates IWP along the ITCZ, but otherwise is comparable or slightly underes-
timating IWP in higher latitudes. Overall, the model is overestimating CWP globally
in both phases by roughly 30 g m−2, or by 59% for LWP and 44% for the IWP, rel-
ative to the MODIS measurements. These results are similar to those from Jiang
et al. (2012), who found the GISS model to be overestimating both IWP and LWP
by about 30 g m−2 from the higher end of their observational best estimate ranges
of roughly 20 to 70 g m−2 for IWP and 30 to 50 g m−2 for the LWP. The current
study’s globally-averaged values of IWP (71 g m−2) and LWP (56 g m−2) are close
to the higher end of these best estimate ranges.
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Ice Water Path Difference
Liquid Water Path Difference
Figure 3.14: CWP global difference (GISS - MODIS C6) for all clouds (i.e., no
height filters) separated into liquid water path (LWP; top) and ice water path (IWP;
bottom) for the month of May during the years 2003 to 2012.
This global difference is then broken down by height regime to determine where,
vertically, these differences between model and observations are occurring. Figure
3.15 shows the global difference plot from Fig. 3.14 separated into low, mid, and
high cloud regimes. For low clouds the model is simulating more LWP, especially
over land regions and particularly over mountainous regions. This may indicate that
convection in the model is too strong over land and is enhancing orographic uplift.
The mid-level cloud LWP difference plot also shows that the model simulates slightly
more LWP over land regions, but overall the model simulates less LWP than MODIS
detects. The difference in mid-level IWP is small. In the high cloud regime MODIS
detects greater amounts of IWP overall compared to the model, with the exception
of the double ITCZ.
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Figure 3.15: CWP global difference (GISS - MODIS C6) for low (left), mid-level
(middle), and high (right) clouds separated into liquid water path (LWP; top) and
ice water path (IWP; bottom) for the month of May during the years 2003 to 2012.
The values under each plot are the global average difference values.
Figure 3.16 shows the zonally-averaged difference by height regime. The main
LWP difference is with GISS simulating more low level clouds than MODIS detects.
The greatest IWP differences are clearly shown by the GISS model’s overestimation
of high ice clouds within the double ITCZ area, and lack of high level IWP in higher
latitudes. Li et al. (2012) also found through the vertical cloud ice water content in-
formation provided by CloudSat/CALIPSO data that the GISS model overestimates
IWP most greatly in the high cloud height regime. Overall, these results show that
while the model is correctly simulating the global radiation budget, it is getting there
through zonally incorrect, yet globally balancing, cloud radiative effects in the high
IWP and low LWP regimes.
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LWP Zonal Difference (GISS - MODIS)
IWP Zonal Difference (GISS - MODIS)
Figure 3.16: Zonally-averaged difference (GISS - MODIS C6) for each cloud height
regime separated into liquid water path (LWP; top) and ice water path (IWP; bot-
tom) for the month of May during the years 2003 to 2012.
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4. CONCLUSION
4.1 Summary and Conclusions
The results presented here are similar to the results from previous model-satellite
comparison work (e.g., Jiang et al. 2012; Li et al. 2012), but were obtained through
different methods. These studies assessed differences between global climate model
simulations and satellite products such as Moderate-resolution Imaging Spectrora-
diometer (MODIS) Collection 5 (C5) official Level 3 data, which contain column inte-
grated cloud water path (CWP) data, or Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) and CloudSat Level 3 data, which can be used to
estimate cloud water content at different vertical levels by removing hydrometeors
from the total water content values retrieved. MODIS is a well-calibrated instrument
with over a decade of retrieval data, and MODIS Collection 6 (C6) products have
shown improvements over C5, especially when it comes to thin ice cloud retrievals,
low stratus cloud retrievals, and cloud retrievals over desert regions (Baum et al.,
2012).
By using the Space-Time Gridding (STG) algorithm to assign the MODIS C6
Level 2 cloud retrieval pixels to the retrieved cloud top pressure (CTP) values, this
study was able to analyze MODIS data in different cloud height regimes, which is
something these previous studies could not do by using the official MODIS Level 3
datasets. This STG methodology was first used to determine how MODIS C5 and
C6 differ by height regime, and found the biggest difference to be an increase in the
mid-level CWP in C6, especially in the extratropical and storm track regions. Mid-
level and potentially mixed-phase clouds tend to cause high retrieval uncertainty,
and the improved cloud retrieval algorithm in C6 has resulted in overall reduced
38
uncertainty from C5; thus, the increase in C6 mid-level clouds is likely due to these
C6 algorithm improvements.
The STG algorithm was then used to compare MODIS C6 data to one of the
Goddard Institute for Space Studies (GISS) climate models (GISS-E2-H) and showed,
similar to previous model-satellite comparison studies, that the GISS model simulates
too much high level ice water path (IWP) in a double ITCZ (intertropical convergence
zone), which compensates for a lack of high level IWP in higher latitudes while
ensuring the global radiation budget is correct. Jiang et al. (2012) used CloudSat
and Aqua MODIS C5 datasets to determine best estimate observation ranges for
total column (i.e., all-clouds case) IWP and LWP and found the GISS model to
overestimate IWP by about 30 g m−2 from the higher end of that estimate range
(roughly 20 to 70 g m−2). The LWP best estimate range is from 30 to 50 g m−2,
with GISS, again, about 30 g m−2 higher than the higher end of that range. Li et al.
(2012) used three different CloudSat and CALIPSO products to determine cloud
IWP from measured total IWP, and calculated a global average value of around 20
g m−2. CloudSat/CALIPSO data provide vertical information, and show that the
GISS model starts to overestimate observed ice water content values above 700 hPa,
going up into the mid-cloud height regime, but most greatly overestimates ice water
content within the high cloud regime.
The current study’s values for MODIS C6 globally-averaged LWP (56 g m−2) and
IWP (71 g m−2) are near the upper ends of the best estimate ranges from Jiang et al.
(2012), and is also finding the GISS model to be globally overestimating both IWP
and LWP by roughly 30 g m−2. This study has used the STG to determine vertical
information from MODIS data, and has thus calculated similar results to Li et al.
(2012), who found, using CloudSat/CALIPSO data, that the IWP overestimation is
mainly in the high cloud height regime.
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One implication of this study is that the STG algorithm is a convenient tool to
define very specific filtering criteria to create globally gridded datasets from satellite
data for use in many applications, such as comparisons with different data collec-
tions and global model simulations. Although not described in this paper, the author
has also successfully used the STG algorithm to compare satellite retrievals of CTP
between Aqua MODIS and Suomi National Polar-orbiting Partnership Visible In-
frared Imaging Radiometer Suite (NPP VIIRS); thus, the STG can also be used for
inter-satellite comparisons. These are examples of research activities that official
Level 3 products may not have been designed for. By using the STG algorithm to
create custom datasets on the same grid and with the same filtering criteria applied,
more direct and applicable satellite data comparisons can be made with this tool, as
opposed to using official Level 3 products where the user has no say in the filtering
criteria or grid size.
4.2 Future Work
The biggest hindrance to using the STG algorithm with MODIS data is the time
it takes to open and close the hundreds of daily Level 2 data files to pull out and save
only the desired variables. However, once the filtering part is complete, the space
and time gridding parts of the algorithm are very quick to run on a single desktop
computer station, and the code is easily changeable as new investigation topics arise.
Thus, future work must first entail optimization of the filtering process. Once that is
complete, this algorithm would be practical to use for analysis of seasonal or yearly
variations over the entire span of MODIS’ lifetime, as opposed to being restricted to
just one month over a decade as it was in this study.
Given more time, this study would have compared the customized MODIS dataset
to the entire suite of CMIP5 model simulations of CWP to provide a more in-depth
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analysis of model simulated cloud parameters.
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